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ABSTRACT 


Schematic  diagrams  of  the  decay  chains  for  the  fission  products  of 
uranium  and  plutonium  are  presented,  with  half-lives  of  the  nuclides, 
branching  fractions,  and  literature  references.  The  updated  data  were 
obtained  from  a  review  of  the  literature  through  February  1967. 
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SUMMARY 


The  Problem 


Precise  desei iptions  of  the  genetic  relationships  in  fission- 
product  decay  chains,  as  veil  as  half-life  values  for  the  radionuclides 
comprising  the  chains,  are  required  for  the  calculation  of  the  radia¬ 
tion  properties  of  fission-product  mixtures . 

Findings 

Accurate  knowledge  of  these  properties  is  required  in  assessments 
of  the  consequences  of  reactor  operations  and  accidents,  nuclear  weapon 
testing,  and  nuclear  warfare.  Updated  individual  radionuclide  data 
were  obtained  by  review  of  the  literature  through  February  1967-  The 
information  is  presented  in  schematic  form,  along  with  literature 
references . 
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INTRODUCTION 


The  neutron  fis3ion  of  uranium  or  plutonium  produces  several  hun¬ 
dred  radionuclides,  mostly  beta-emitters,  belonging  to  about  90  mass 
chains.  Calculation  of  the  radiation  properties  of  fission-product 
mixtures  as  a  function  of  time  requires  precise  descriptions  of  the 
decay  chains,  including  the  parent -daughter  r-  lationships  of  the  nuclides, 
the  branching  fractions  where  the  chains  are  branched,  and  the  half- 
lives  of  all  the  nuclides, * 

This  kind  of  information  has  been  generated  and/or  co?Jected  at 
this  laboratory  and  utilized  in  computer  calculations  of  fission-product 
abundances  and  activities  for  several  years.  An  early  version  of  the 
decay  chains  was  published  in  Ref.  A.  Many  of  the  half-lives  in  that 
version  were  estimated  and  3ome  chain-branching  fractions  were  arbitrar¬ 
ily  assigned.  Also,  a  sizable  number  of  metastable  states  among  the 
fission  products  were  not  known  to  exist  at  that  time.  The  appearance 
of  Katcoff’s  (Ref.  B)  and  Stehn’s  (Ref.  C)  chain  data  led  to  considerable 
improvement.  In  1964,  a  new  version  (Ref.  D)  of  the  fission-product 
decay  chains,  based  largely  on  the  decay  schemes  through  1963,  in  the 
Nuclear  Data  Sheets  (ND3),  see  Ref.  F,  was  prepared  for  use  in  this 
Laboratory. 

Tie  collection  of  new  data  has  continued  and  a  large  number  of 
changes  has  accumulated  since  1963,  These  were  Incorporated  into  the 
decay  chains,  of  which  the  latest  versions  are  presented  here. 

SOURCES 

The  list  of  references  is  divided  into  (l)  general  references, 
which  are  cited  by  the  letters  A  through  F;  and  (2)  numbered  references, 
which  were  sources  of  specific  items  of  information.  The  decay  chains 
and  the  data  as  presented  evolved  via  References  A,  B,  C,  and  the  NDS 
data  Bheets,  except  where  indicated  by  parenthesized  citations  of  the 
sources  in  the  specific  reference  list . 


#The  Independent  yields  of  the  nuclides  are  required  as  well,  but  these 
are  not  treated  here.  Predicted  independent  yields  for  several  fission 
types  can  be  found  in  Ref.  71. 


1 


<&>  l<  „  _o? _  V  .  <1  c 


fxr 

!* 

f 

f  X 

l  v> 

o 


y  . 


<*<■ 


0  ^ 
■> 

1  0|lt 

'  s5* 

*> , 

% 

>"■<>'» 

6 

5,<N 

if  - 
■  ; 


9 


o  c, 

,  ❖ 
o 

v- 


Cfr< 


? 


The  data  collected  since  1963  which  have  been  incorporated  into 
this  presentation  were  accumulated  by  regular  and  systematic  perusal  of 
periodicals  and  reports  in  the  nuclear  science  field.  The  pertinent 
information  tends  to  appear  in  a  handful  of  major  journals,  as  a  cursory 
examination  of  the  list  of  references  will  confirm,  and  it  is  believed 
that  most  of  these  were  considered.  A  crosscheck  with  the  196k  and  1966 
Recent  References  of  NDS  has  provided  welcome  reassurance  that  no  very 
sizable  body  of  publication  was  overlooked.  Another  crosscheck  was 
provided  by  the  reference  list  (through  1963 )  in  Herrmann’s  excellent 
historical  account  of  fission-product  radiochemistry,  Ref.  E. 

Since  most  of  the  NDS  decay  schemes  for  the  fission-product  mass 
chains  (on  which  Ref.  D  was  based)  have  not  seen  revised  since  196 1  or 
earlier,  the  chain  data  presented  here  incorporate  a  large  number  of 
more  recently  published  values.  Many  of  the  changes  are  minor,  but  some 
are  important .  The  reports  on  which  the  changes  are  based  have  not  been 
subjected  to  the  critical  study  and  evaluation  which  the  Nuclear  Data 
Group  will  eventually  provide.  The  chain  data  as  presented  here  should 
therefore  be  regarded  as  an  interim  summary,  subject  to  further  emenda¬ 
tion  and  amplification. 

The  intention  was  to  include  in  the  chains  all  the  products,  includ¬ 
ing  isomers  with  half-lives  greater  than  0.5  seconds,  known  to  occur  in 
the  neutron  fission  of  uranium  and  plutonium.  Mass  chains  lower  than 
mass  72  or  higher  than  mass  l£l  were  disregarded  because  of  their  insig¬ 
nificant  contributions.  Many  of  the  short-lived  nuclides  at  the  begin¬ 
nings  of  the  chains  have  never  been  observed  in  fission  products,  but 
their  presence  is  predicted  by  the  models  of  charge  distribution.  Some 
of  the  shielded  nuclides  oir-wn  ai  the  ends  of  the  chains  may  not  be 
produced  in  detectable  amounts.  However,  very  small  yields  of  86ri  and 
•^cshave  been  report ed7°  it  seems  possible  that  similar  shielded 
end-members  in  other  chains  will  eventually  be  identified  in  fission 
products . 

Some  important  gaps  in  the  information  remain.  The  lack  of  half- 
life  values  for  short-lived  early  chain  members  is  conspicuous.  Almost 
all  the  chains  begin  with  a  few  members  whose  half-lives  are  only  rough¬ 
ly  estimated  at  best.  Estimated  half-lives  are  marked  with  an  asterisk 
and  are  mostly  taken  from  Ref.  A.  Experience  has  shown  bhat  they  may  be 
in  error  by  several  orders  of  magnitude.  Branching  fractions  are  fre¬ 
quently  unknown  or  are  uncertain,  oarticularly  in  the  more  complicated 
chains.  Estimated  branching  fractions,  also  asterisked,  are  usually  an 
arbitrary  50-50  splitting,  but  in  a  few  cases  have  some  basis  in  reports 
of  fragmentary  or  incomplete  studies .  It  is  often  unknown  which  of  two 
states  of  a  nuclide  is  the  ground  state.  For  calculations!  and  schematic 
purposes,  distinguishing  symbolism  is  desirable,  ..-..cheless .  Therefore 
arblbrary  assignments  of  "metastable"  and  "ground"  states  were  made  in 
cases  of  uncertainty. 
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The  relationship  of  several  '■hort-lived  states  to  the  fission  pro¬ 
cess  and  to  the  chain-decay  path  (or  paths)  is  unknown.  On  the  other 
hand,  most  of  the  longer -lived  chain  members  have  been  veil  character¬ 
ized  and  their  positions  in  the  chains  are  fairly  certainly  known. 
However,  some  exceptions  exist.  It  is  not  clear,  for  instance,  whether 
the  mass-98  chain  decays  mainly  through  a  51-rainute  or  a  2-minute  isomer 
or,  indeed,  whether  either  of  these  half -Lives  is  correct .  Certain 
chain-decay  features,  once  regarded  an  well  established,  have  required 
important  modifications.  For  instance,  until  recently  the  ma88-117 
chain  was  believed  to  decay  partly  through  a  3-hcn.ir  -^facd  and  partly 
through  a  5^-minute  H7 ggd .  Now  both  isomers  of  H  Cd  are  known  to  have 
half-lives  near  3  hours  ,  59  >  °0  (fj^g  further  decay  pathways 

of  the  mass-117  chain  through,  two  In  isomers  and  wo  Sn  isomers  remain 
uncertain.)  Similarly,  .he  reported  1-hour  state  of  l?9sn  recently  was 
established  as  one  of  about  6  minutes It  In  quite  possible  that 
further  important  changes  of  this  kind  may  occasionally  be  necessary. 

NOTATION 

The  decay  chains  are  represented  in  the  conventional  symbolism 
with  arrows  indicating  narent -daughter  relationships.  Branching  frac¬ 
tions  are  written  along  ..he  arrows  where  chain  branching  occurs.  Half- 
lives  are  written  below  the  nuclides,  with  abbreviations  f,  for  seconds, 

M  for  minutes,  H  for  hears,  D  for  days  and  Y  for  year’s.  The  numbers  in 
parentheses  which  accompany  some  of  the  data  refer  to  the  sources  in 
the  List  of  References.  Half-lives  and  branching  fractions  marked  with 
an  asterisk  are  estimates  (see  preceding  section). 

The  arrows  ordinarily  indicate  negatron  decay  but  in  a  fer  cases 
(122ggb,  12Bj^  1521^  an&  152gjju);  where  the  direction  of  the  arrow  is 
reversed,  either  positron  emission  or  electron  capture,  or  a  combina¬ 
tion  of  the  two,  occurs .  Decay  by  neutron  emission  to  the  mass  chain 
of  next  lower  number  is  indicated  by  dotted,  lines  for  °5as,  °7et,  ^Br, 
°%r,  °°Br,  137!,  13°!  an£i  139 1,  since  neutron  emission  is  immediately 
preceded  by  beta  emission,  these  lines  terminate  at  elements  of  higher 
atomic  number.  The  unsubstantiated  possible  decay  by  neutron  emission 
of  one  Sb  isotope  (135sb)  is  indicated  by  dotted  lines  and  the  symbol 
(-n?).  Decay  by  alpha  emission  has  not  bean  indicated.  The  only 
;_ssion-product  mass  chains  which  termir.ate  in  alpha -emitters  are  lW 
(Nd,  half-life  of  1C)15  years)  andj|.47  (fm,  half-life  of  10H  years). 

The  shielded  nuclides  152gu  and  l^Rn,  which  may  be  produced  in  very 
small  quantities,  decay  partly  to  the  alpha -emitters  152gd( lO^  years) 
and  l^Sm(5  x  107  years),  respectively.  In  some  cases  where  isomerism 
occurs,  it  is  not  certain  whether  one  of  the  isomers  has  a  precursor  or 
what  its  daughter  nuclides  are.  In  such  cases  dotted  lines  and  question 
marks  indicate  the  missing  information. 


SCHEMATIC  DIAGRAMS  OF  FISSION  PRODUCT  DECAY 
CHAINS:  MASS  NUMBERS  72  THROUGH  l6l 


(a)  Branching  to  7 l:r‘c,e  and  its  T,  /_  taken  from  UDS 


& 


7%  _J8c„  _J8z» 


78m 

As 

6.0  M 


7&  78  _ 

m  Ga  .  fc.  Og 


*2.5  s  *8.0  s  1.5  H 


(a)  Decay  of  *°Ge  according  to  Ref.  84. 
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(a)  is  not  the  daughter  of  ^Sr,  see  Ref.  18. 
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(a)  Assignment  of  the  short-lived  isomer  to  the  ground  state  follows  an 
HDS  suggestion. 
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(a)  Branching  fractions,  suggested  by  the  ffDS  scheme,  are  approximate. 
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(a)  The  51-M  Nb  has  been  observed.  Refs.  1  and  37,  but  is  not  the  daughter 
of  9ogr,  The  2-M  isomer  is  postulated  in  Ref.  1. 
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(a)  Ref.  73  reports  O.O56  $  yield  of  5-3-H  103Mo  in  14-Mev  neutron 
fission  of  23%. 


104„ 


10Ssr  — “V 


104, 

r 

1.6 

(75) 


104„ 


104. 


10Hh 

4.4  M 


Mo  — •-"'"Tc - ►  ’Ru 

*3«0  S  1.6  m  18.0  M  Stable 


!/ 


10,,» 

Stable 


104gRh 

42.0  s 


105v 


105, 


Zr 


105 


X  105mRh 
38.0  S 


0#* 


m>  _  “5Tc  __io5ru  , 

*2.0  S  42  S  7.8  M  4.4  H  N 

(89)  (89)  ,°.,0 

',°Rh 
35.4  H 
(27) 


105ra 

Stable 


'  ?8  ’  l°5gr 


106y 


106  106 
*  Zr  — «-  Nb 

*1.5  £ 


106„  106 

-  Mo  - s~  Tc  ■ 

*4.0  S  37  S 

(89) 


106. 


10Sh 

2.2  H  \ 

106  X 

-  Ru  M 

368.8  D  ✓  stable 

(!9)  \  X 

io6gRh 
30.0  S 


11 


.H7RU 


*1.5  S  4.5  s 
(3) 


w  W  <?  \ 


(64)  (65) 

r]LL7^d  0.44  ,  lrfajH  0.001  t  117nnn 
3.1  H  \  .1.9  H  \  14.0  D 


117.  / 

Ag\ 

42.2  S 

(90)  Mr- 

°4J 


lo~ 

•  CK 

_  4T4T 


W%a 
2.7  H 
(64) 


\°  / 

% 


Stable 


(a)  Other  versions,  considerably  different  and  equally  plausible,  could  be 
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-  Ag 
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3-2  S. 

(45)  Nvl20 

Sn 

V  Stable 

120< 

47.75  S 
(43) 

121mln  (a)  121mSn 
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Sb 
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(a)  In  and  Sn  chain  decay  from  Ref.  4. 
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122mln 
7.5  S  . 
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Sn 
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l22mSb 
4.15  M 
(5) 


<°3 


122. 


Te 
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122gSb 
2.8  D 


15 


'tr 


7 


»„ 


-> 


o 


o 
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(a)  The  In  and  Sn  portion  of  the  chain  decay  is  according  to  Ref.  7. 


126Cd  - 

*1.0  s 


128 
In  - 

*2.0  S 


128m 

-  Sb 

7.0  M  \ 

128  (kk)  ^128_ 

57-0  M  ^  _y  Stable 


0.065 


128x  — 
25.0  M 


0.935 


12^e 

Stable 


128sgb 

9.6  H 
(kk) 


(a)  The  NDS  1961  sheet  gives  1,8  H  for  Tj/2  for  Sn.  Hagebf5  et  al.,  J.  Inorg.  Rucl. 
Jiiera.  2k,  1301  (l9&)  reported  a  1.0  H  and  an  8.8  M  state.  Dropeaky  and  Orth, 

Ref.  6”{l962),  found  only  a  6.2-M  state.  Chu  and  Marinsky,  Ref.  UO  (19 66),  shoved 
that  Hageb^'s  1.0-H  iBoraer  was  an  artifact  and  at  the  same  time  reported  the  2-M 
isomer.  It  is  not  stated  whether  the  2-M  or  the  6.2-M  isomer  is  the  ground  state. 
The  assignment  here  is  arbitrary. 
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*1.5  f?  *3*5  S  *15.0  S  28.  a  D  17.3  I*  (a) 

0  ) 

(a)  ^Nld  is  an  alpha-emitter  with  half-life  of  aoout  2. It  y  lO3^  Y,  accordin'-:  to 
Ref.  50. 
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(a)  The  lonnj-lived  decays  by  alplia  emission  to  stable  ^‘iJd. 
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Sm 


(a)  lll7Sm  is  an  alpha-emitter  with  half-life  of  about  1011  Y. 
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Pr 
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(a)  1  mRn  Ti  and  branch  inn  from  NDS . 
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1 
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Gd 
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13.0  Y 


(a)  is  an  alpha-emitter  vith  half-life  of  about  10^*  Y. 
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